Abstract An impedimetric mga gene specific DNA sensor was developed by immobilization of single stranded DNA probe onto the screen printed modified gold-dendrimer nanohybrid composite electrode for early and rapid detection of S. pyogenes in human throat swab samples causing rheumatic heart disease. Electrochemical impedance response was measured after hybridization with bacterial single stranded genomic DNA (ssG-DNA) with probe. The sensor was found highly specific to S. pyogenes and can detect as low as 0.01 ng ssDNA in 6 lL sample only in 30 min. The nanohybrid sensor was also tested with nonspecific pathogens and characterized by FTIR. An early detection of the pathogen S. pyogenes in human can save damage of mitral and aortic heart valves (rheumatic heart disease) by proper medical care.
Streptococcus pyogenes is a gram-positive extracellular bacterial pathogen. The bacteria colonize in the throat and are responsible for initial infection pharyngitis and if it is not treated may leads to rheumatic fever [1] [2] [3] [4] [5] . Rheumatic heart disease (RHD), causing damage of heart valves, is the most serious autoimmune sequelae of streptococcal infection which leads to disability and death among children worldwide. The RHD may leads to chronic valvular lesions (mitral and aortic valves). The similar epitopes of bacteria and host (molecular mimicry), is the major cause of triggering the disease. Kalia and his groups published several papers on genome wide approach for identification of several unique biomarkers for identifying several species (strains) of Streptococcus, Staphylococcus, Yersinia, Vibrio, Clostridium, Lactobacillus and many other bacterial pathogens [6] [7] [8] [9] [10] [11] [12] . Current methods of detection of S. pyogenes infection are bacterial culture test, rapid antigen detection test (RADT), biochemical test, serological test, C-reactive protein (CRP) test, ESR, PCR, bacitracin susceptibility and Phadebact test [13] [14] [15] . All traditional diagnostic methods for detection of S. pyogenes are time consuming, expensive, non specific, less sensitive and suffer one or more limitations. DNA biosensors are the modern diagnostic technique which greatly increases the sensitivity and specificity of the detection of pathogens [16, 17] . DNA sensor is based on hybridization of genomic DNA of S. pyogenes with probe which is highly specific to S. pyogenes [13, 14] .
Our aim is to develop a rapid, accurate, sensitive and cost effective technique for the detection of S. pyogenes in suspected RHD patient samples. The present method describes the use of gold-poly (amidoamine) dendrimer (PAMAM) nanohybrid modified gold electrode for the early and quick impedimetric detection of S. pyogenes infection from suspected patient samples. If the target single stranded genomic DNA (ssG-DNA) contains a same complementary sequences of the immobilized single stranded DNA probe (ssDNA), a hybrid duplex dsDNA [16] . The screen printed electrodes can be used for fabrication of biosensors due to economical, portable and disposable after testing the infectious samples. Thiol (-SH) modified ssDNA probe can be covalently immobilized on the gold (Au) surface [18] . Similarly, mercaptopropionic acid (MPA) which also contains thiol is attached to the Au electrode surface to form stable S-Au bond which can be used for development of electrochemical impedimetric DNA sensor. Polyamidoamine (PAMAM, 3rd generation from Sigma) dendrimer can be used in development of biosensor due to high symmetry in geometry, stability, size and surface modification functionality. The electrode surface can be modified using dendrimers due to their biocompatibility and adequate number of amine functional groups. The NH 2 groups of the PAMAM can be attached to the -COOH groups of MPA through covalent and stable amide bond formation by 1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry [14, 19] .
Screen printed gold electrode (SPGE, DropSens) with gold as working and counter electrode and silver as reference electrode was chemically modified for the development of the nanohybrid DNA sensor. 6 lL of MPA (99 %) was placed on the working Au electrode surface (0.12 cm 2 ) for 24 h to form stable monolayers. The MPA attached to the Au electrode by its -SH groups. The electrode was then thoroughly washed with autoclaved distilled water to remove excess MPA and then dried at 25°C. The equimolar solution 6 lL of 10 mM EDC and NHS (1:1 v/v) in autoclaved Milli-Q water was kept for 10 min on electrode to activate the carboxyl groups of MPA. Then, the electrode was washed with Milli-Q water and further allowed to react 6 lL PAMAM solution (160 ng/lL) for 3 h. An amide bond formed between -COOH groups of MPA and -NH 2 groups of PAMAM through EDC/NHS chemistry. The electrode was then thoroughly washed 3-4 times with water to remove excess PAMAM and dried at 25°C. The 5 0 -carboxyl modified 24 mer ssDNA probe (5 0 -HOOC-GCACAGCCAATTTCTAGCTTGTCG-3 0 ) of mga gene (10 lM in autoclaved Milli-Q water) was diluted 1:1 (v/v) with equimolar solution of 10 mM EDC and NHS (in autoclaved Milli-Q water) to make the final probe concentration 5 lM. Then, 6 lL of probe/EDC-NHS mixture was placed on working electrode for 3 h where the -COOH groups of the probe and -NH 2 groups of the PAMAM forms amide bond (EDC-NHS chemistry). Finally, the unbound probe was removed by washing 3-4 times with autoclaved Milli-Q water and dried at room temperature before electrochemical impedance detection. The genomic DNA (G-DNA) of S. pyogenes was isolated from patient throat samples as described earlier [14, 15] and denatured at 95°C for 5 min to make ssG-DNA. The Au/MPA/ PAMAM/ss-DNA probe was hybridized with 0.01-5 ng/ 6 lL ssG-DNA in TE buffer (10 mM Tris and 1 mM EDTA), pH 8.0 for 10 min at 0.126 cm 2 surface area of the Au working electrode. After hybridization, the Au/MPA/ PAMAM/ds-DNA electrode was washed 3-4 times with TE buffer, pH 8.0, followed by PBS (50 mM sodium phosphate buffer containing 0.9 % sodium chloride), pH 7.0 and dried at room temperature (25°C) before electrochemical measurements. The schematic fabrication of Au/ MPA/PAMAM, immobilization of ss-DNA probe and hybridization with ssG-DNA of S. pyogenes to form Au/ MPA/PAMAM/ds-DNA is shown in Scheme 1. The nanohybrid DNA sensor was further used to detect S. pyogenes electrochemically (FRA2 lAutolab type iii, Metrohm, India) by measuring changes in electrochemical impedance (EI).
The Nyquist plot for impedance studies of Au/MPA/ PAMAM/ss-DNA and Au/MPA/PAMAM/dsDNA is shown in Fig. 1 . The charge transfer resistance (R ct , Ohm) is considered equal to the diameter of the semicircle interface of the electrode [16, 20] . The Nyquist complex impedance obtained, best fit to Randles equivalent circuit of electrochemical interface where, R s corresponds to the electrolyte resistance, C dl for double layer capacitance, R ct represents the charge transfer resistance and W d is the Warburg diffusion element (Fig. 1 inset) . C dl is in series with R s and parallel to R ct [21] . The R ct of bare Au was lower than that of Au/MPA/PAMAM (not shown in the figure) . This might be due to the presence of dendrimer PAMAM in the nanohybrid which decreased the conductivity and hence increased the impedance. In case of Au/ MPA/PAMAM/ssDNA complex the R ct value was higher than Au/MPA/PAMAM. This may be due to the negatively charged phosphate groups of ssDNA which prevent the [Fe(CN) 6 ] 3-/4-ions reaching from the surface of the electrode. The R ct value of Au/MPA/PAMAM/dsDNA was higher than that of Au/MPA/PAMAM/ssDNA and it increases with increasing concentrations of hybridizing ssG-DNA and gets saturated at higher concentrations of S. pyogenes ssG-DNA (Fig. 1[B] ). This may be due to more negatively charged phosphate groups on the electrode surface after hybridization which consequently increases the surface thickness and results an increase in the R ct value which later gets saturated and further no increase in R ct value. The limit of detection (LOD) of the sensor was found experimentally 0.01 ng/6 lL ssG-DNA with regression coefficient (R 2 ) 0.9782 ( Fig. 1[C] ). The specificity of the impedimetric nanohybrid DNA sensor with S. pyogenes and other possible bacteria found in human throat swab (E. coli, E. aerogenes, B. sphaericus and S. aureus) is shown in Fig. 2 . The R ct of the sensor after hybridization with 1.0 ng/6 lL of ssG-DNA with other bacteria present in throat swab were almost same as the probe except with S. pyogenes which shows higher R ct even at lower concentration (0.1 ng/6 lL) after hybridization with ssG-DNA (Fig. 2 inset) . The significant increase in R ct value was obtained only in the case of S. pyogenes, which confirms the specificity of the nanohybrid sensor only to S. pyogenes. The Au nanohybrid electrode was characterized at different stage of modifications using Fourier Transform Infra-Red Spectroscopy (FTIR) in % transmittance mode of peaks at varying wavenumbers (Supplementary material,  Fig. S1 ).
